Introduction
============

Bone quality is maintained by the balance between osteoclastic bone resorption and osteoblastic bone formation. The disruption of this balance leads to bone metabolic diseases, such as osteoporosis, arthritis, periodontitis and Paget\'s disease ([@b1-ijmm-44-03-0913]). Osteoporosis is a metabolic bone disease characterized by low bone mass, whereby the microstructure of the bone tissue is destroyed, increasing the probability of fractures. In recent years, an increase in the elderly population has led to a high incidence of osteoporosis, which is a serious health concern ([@b2-ijmm-44-03-0913]). In order to treat osteoporosis, bone resorption inhibitors, such as bisphosphonates and denosumab have been developed ([@b3-ijmm-44-03-0913]). However, patients treated with these inhibitors experience severe side-effects, including uterine cancer, breast cancer and osteonecrosis ([@b4-ijmm-44-03-0913],[@b5-ijmm-44-03-0913]). In addition, as patients with osteoporosis usually present with significant bone loss, promoting osteoblast activity is vital. For this reason, it is necessary to identify natural products that inhibit osteoclast differentiation and promote osteoblast differentiation.

Osteoblasts are derived from mesenchymal stem cells and are located in regions of bone regeneration. Bone morphogenetic protein 2 (BMP-2) and runt-related transcription factor 2 (RUNX2) signaling pathways are known to be important in mediating osteoblast differentiation and activation ([@b6-ijmm-44-03-0913]). Activated RUNX2 regulates the expression of osteogenic genes, including alkaline phosphatase (ALP), osteonectin (OSN), osteopontin (OPN), type I collagen (COL1) and bone sialoprotein (BSP), which leads to the successful differentiation of osteoblasts ([@b7-ijmm-44-03-0913]). Receptor activator of nuclear factor κ-B ligand (RANKL) is a tumor necrosis factor (TNF)-associated, activation-induced cytokine expressed in osteoblasts that is essential for osteoclastogenesis ([@b8-ijmm-44-03-0913]). RANKL binds to RANK on the surface of osteoclast precursor cells, and RANK then stimulates mitogen-activated protein kinases (MAPKs), nuclear factor (NF)-κB and c-Fos to induce nuclear factor of activated T cells 1 (NFATc1) ([@b9-ijmm-44-03-0913]). NFATc1 is essential for osteoclast differentiation and regulates the expression of various osteoclast-associated genes, such as tartrate-resistant acid phosphatase (TRAP), matrix metallopeptidase-9 (MMP-9), cathepsin K (Ctsk), osteoclast-associated immunoglobulin-like receptor (OSCAR), c-src, c-myc, osteoclast stimulatory trans-membrane (OC-STAMP) and ATPase H+ transporting V0 subunit d2 (ATP6v0d2) ([@b10-ijmm-44-03-0913]).

*Leonurus sibiricus* L. (LS), also known as motherwort, is currently used as a medicinal plant in various regions, such as East Asia, Europe and the USA. LS is traditionally used in the treatment of a variety of female-related conditions, including menstrual pain, dysmenorrhea and amenorrhea. For this reason, it is known as \'IG-MO-CHO\' in Korean, which translates into \'herb that is beneficial to mother\' ([@b11-ijmm-44-03-0913]). In addition, LS is used for the treatment of renal diseases, such as acute nephritis and kidney stones ([@b12-ijmm-44-03-0913]). In oriental medicine, the kidney is considered to be the key organ of bone control ([@b13-ijmm-44-03-0913]). Therefore, kidney-enhancing medications, such as LS, have been used for the treatment of weakened bones. Previous studies have demonstrated that LS exerts numerous biological activities, such as anti-inflammatory, antioxidant ([@b14-ijmm-44-03-0913]), anti-bacterial ([@b15-ijmm-44-03-0913]) and angiogenic effects ([@b16-ijmm-44-03-0913]). Among these, the anti-inflammatory and antioxidant effects have been demonstrated to be associated with the treatment of bone metabolic disease ([@b17-ijmm-44-03-0913]). Therefore, the authors of the present study hypothesized that LS may exert a positive effect on bone metabolism. However, to the best of our knowledge, no studies published to date have investigated the effects of LS on osteoblast differentiation and osteoclastogenesis.

In the present study, the effects of LS on osteoblast differentiation and osteoclast differentiation, which play a major role in bone metabolism, were investigated. The effects of LS in an in vivo model of lipopolysaccharide (LPS)-induced osteoporosis were also examined.

Materials and methods
=====================

Reagents
--------

Minimum essential Eagle\'s medium, α-modification (α-MEM), fetal bovine serum (FBS) and penicillin/streptomycin (P/S) were supplied by Gibco; Thermo Fisher Scientific, Inc. Dulbecco\'s modified Eagle\'s medium (DMEM) was procured from Welgene, Inc. Alizarin Red S was obtained from Duksan Co., Ltd. RANKL was purchased from Peprotech, Inc. Rutin, dimethylsulfoxide (DMSO) and the TRAP assay kit were purchased from Sigma-Aldrich; Merck KGaA. Osteo strip well plates were purchased from Corning Inc. Anti-RUNX2, anti-BMP-2, anti-Ctsk and anti-MMP-9 antibodies were purchased from Abcam. Anti-phosphorylated (p)-extracellular signal-regulated kinase 1/2 (ERK1/2), anti-ERK1/2, anti-p-c-Jun N-terminal kinase (JNK), anti-JNK, anti-p-p38, anti-p38, anti-NF-κB and anti-p*-*NF-κB antibodies were supplied by Cell Signaling Technology, Inc. Anti-NFATc1 was procured from BD Biosciences, and anti-c-Fos, anti-actin and anti-lamin B antibodies were purchased from Santa Cruz Biotechnology, Inc. Secondary antibodies were procured from Jackson ImmunoResearch Laboratories, Inc. The reverse transcriptase kit and SYBR-Green solution was supplied by Invitrogen; Thermo Fisher Scientific, Inc. Taq polymerase was purchased from Kapa Biosystems; Roche Diagnostics. PCR primers were purchased from Genotech Corp. All of the chemicals used in the experiments were analytical grade for cell culture.

Preparation of LS
-----------------

LS was purchased from Omniherb and was certified by Professor Yungmin Bu at the Herbology Laboratory, College of Korean Medicine. Voucher specimens of the plants used in the current study were stored at the Department of Anatomy Herbarium (ref. no. KHU-ANA-Et010). LS was soaked in 80% ethanol for 1 week before the extract was filtered through filter paper, and then concentrated under reduced pressure and lyophilized to obtain a powder (yield, 7.83%). The extracts were stored at -20°C until required. Prior to use in the in vitro experiments, LS was filtered through a sterile filter (pore size, 0.22 *µ*m), diluted in DMSO and not treated with \>0.1% of the total volume of cell culture medium.

High-performance liquid chromatography (HPLC) analysis
------------------------------------------------------

To quantitatively evaluate the LS extract, HPLC was performed using rutin; a reference compound of LS. Rutin (standard stock solution, 1,000 *µ*g/ml) were prepared in methanol. LS and rutin were analyzed using an A Waters 2695 system equipped with a Waters 2487 Dual λ absorbance detector. Separation was achieved using a C18 guard column with Xbridge-C18 (250×6 mm, 5 *µ*m). All solvents were filtered through a 45-*µ*m filter and the elution time was 0-30 min. The binary mobile phase was acetonitrile (A) and water (B) at a composition of 10% A from 0 to 10 min and 50% A from 10 to 30 min. The flow rate was 1.0 ml/min and rutin was detected at 254 nm.

Cell culture and assessment of cell viability
---------------------------------------------

C57BL/6 mouse calvaria MC3T3-E1 cells were purchased from the American Type Culture Collection (ATCC), and the RAW 264.7 murine macrophage cell line was purchased from the Korean Cell Line Bank. The MC3T3-E1 cells were cultured in α-MEM (without ascorbic acid) supplemented with 10% FBS and 1% P/S, and RAW 264.7 cells were cultured in DMEM supplemented with 10% FBS and 1% P/S. Cell lines were maintained in a cell incubator at 37°C and 5% CO~2~. To analyze cytotoxicity levels, MC3T3-E1 cells (1×10^4^ cells/well) treated with or without LS for 3, 7 and 14 days, or RAW 264.7 cells (5×10^3^ cells/well) treated with or without LS and RANKL for 1 and 5 days, were seeded in 96-well-plates and then treated with MTS solution for 2 h. The absorbance was subsequently measured using an enzyme-linked immunosorbent assay (ELISA) reader (Versamax; Molecular Devices, LLC) at a wavelength of 490 nm.

Von Kossa and Alizarin Red S staining
-------------------------------------

The MC3T3-E1 cells were seeded in 6-well-plates at 5×10^4^ cells/well and incubated in differentiation medium consisting of α-MEM, 25 *µ*g/ml ascorbic acid and 10 mM β-glycerophosphate with or without LS for 21 days. The culture medium was refreshed every 2 days. For Von Kossa staining, the nodules were first fixed in 80% Et-OH and washed 3 times with deionized water The fixed nodules were incubated at room temperature with 1% sliver nitrate for 40 min under ultraviolet light prior to incubation with 5% sodium thiosulfate for 10 min. The dried plate was imaged using a camera. For Alizarin Red S staining, formed mineralized nodules were fixed with 80% Et-OH and then stained with Alizarin Red S solution at room temperature for 3 min. The stained nodules were washed 3 times with Dulbecco\'s phosphate-buffered saline (Gibco; Thermo Fisher Scientific, Inc.). The formed nodules were subsequently photographed with a camera before the dye was extracted by the addition of 10 mM sodium phosphate (pH 7.0) diluted in 10% cetylpyridinium chloride for 15 min. The extracted dyes were measured measured using an ELISA reader at an absor-bance of 570 nm.

Western blot analysis
---------------------

The cells were lysed using radioimmunoprecipitation assay buffer (50 mM Tris-Cl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS) with protease inhibitor and phosphatase inhibitor 2 and 3 cocktails (Sigma Aldrich; Merck KGaA). Protein concentrations were determined using a bicinchoninic acid assay kit using bovine serum albumin as the standard. An equivalent quantity of protein for each sample (10-30 *µ*g) was separated by 10% SDS-PAGE and transferred to nitrocellulose membranes via electrophoresis. The membranes were blocked with 5% skim milk and incubated with specific primary antibodies against RUNX2 (cat. no. ab76956; dilution, 1:1,000), BMP-2 (cat. no. ab14933; dilution, 1:1,000), β-actin (cat. no. sc-8432; dilution, 1:500), p-ERK (cat. no. 4370S; dilution, 1:1,000), ERK (cat. no. 4695S; dilution, 1:1,000), p-JNK (cat. no. 4668S; dilution, 1:1,000), JNK (cat. no. 9258S; dilution, 1:1,000), p-p38 (cat. no. 4511S; dilution, 1:500), p38 (cat. no. 9212L; dilution, 1:1,000), NF-κB (cat. no. 8242S; dilution, 1:1,000), p-NF-κB (cat. no. 3033S; dilution, 1:500), lamin B (cat. no. sc6216; dilution, 1:1,000), NFATc1 (cat. no. 556602; dilution, 1:1,000), c-Fos (cat. no. sc-447; dilution, 1:200), MMP-9 (cat. no. ab38898; dilution, 1:1,000) and Ctsk (cat. no. ab19027; dilution, 1:1,000) at 4°C overnight. The membranes were then incubated with secondary antibodies (cat. no. 111-035-045, 115-035-062; dilution, 1:10,000) at room temperature for 1 h and chemiluminescence was measured using enhanced chemiluminescence substrate (Santa Cruz Biotechnology, Inc.). Band densities were quantified using ImageJ software version 1.51j8 (National Institutes of Health).

Reverse transcription-semi-quantitative polymerase chain reaction (PCR)
-----------------------------------------------------------------------

Total RNA was extracted using TRIzol reagent (Takara Bio, Inc.) according to the manufacturer\'s protocol. A total of 2 *µ*g total RNA was reverse transcribed into cDNA using a reverse transcriptase enzyme (Invitrogen; Thermo Fisher Scientific, Inc.). RT-PCR was performed using the C1000 Touch™ Thermal Cycler (Bio-Rad, Laboratories, Inc.) and Taq polymerase (Kapa Biosystems; Roche Diagnostics). The thermal cycling parameters were as follows: 30 sec at 94°C (denaturation), 30 sec at 53-58°C (annealing) and 30 sec at 72°C (extension). The temperature and number of cycles for each gene are listed in [Table I](#tI-ijmm-44-03-0913){ref-type="table"}. The final PCR mixtures were electrophoresed on agarose gels stained with SYBR-Green (Invitrogen; Thermo Fisher Scientific, Inc.) and bands were quantified using ImageJ software version 1.51j8.

TRAP and pit formation assay
----------------------------

To generate osteoclasts from RAW 264.7 cell cultures, the RAW 264.7 cells were first seeded at a density of 5×10^3^ cells/well in 96-well-plates containing differentiation medium (α-MEM containing 100 ng/ml RANKL with or without LS) and incubated in a cell incubator at 37°C for 5 days. The culture medium was refreshed on days 2 and 4. The differentiated cells were fixed with 10% formalin for 10 min and stained using the TRAP kit according to the manufacturer\'s protocol. The cells were then transferred to a new plate and an equal volume of TRAP solution \[4.93 mg p-nitrophenyl phosphate (PNPP) in 0.5 M 750 ml acetate solution, mixed with 150 ml tartrate acid solution\] was added followed by incubation at 37°C for 30 min. The reaction was then inhibited by the addition of 0.5 M NaOH, and the absorbance was measured using an ELISA reader at a wavelength of 405 nm. To evaluate bone resorption activity, RAW 264.7 cells (5×10^3^ cells/well) were cultured in osteo strip well plates containing differentiation medium (α-MEM containing 100 ng/ml RANKL with or without LS) and incubated for 5 days. The cell culture medium was refreshed on days 2 and 4. Following differentiation, the medium was removed and the cells were dissolved with NaClO before the plate was allowed to dry. The number of TRAP-positive cells and the area of the pit formation were measured using ImageJ software.

F-actin ring immunofluorescence assay
-------------------------------------

To evaluate F-actin ring formation, the RAW 264.7 cells (5×10^3^ cells/well) were cultured in 96-well plates containing differentiation medium (α-MEM containing 100 ng/ml RANKL with or without LS) and incubated in a cell incubator at 37°C for 5 days. The differentiated cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton X-100 in PBS for 5 min. The cells were then stained using the Actistain™ 488 Fluorescent Phalloidin (Cytoskeleton Inc.) at room temperature in the dark for 30 min. The cells were washed with PBS, and the nuclei were then counterstained with 4′,6-diamidino-2-phenyl-indole (DAPI, Sigma Aldrich; Merck KGaA). The formation of the actin ring was captured using an immunofluorescence microscope (Cellena; Logosbio).

Animal experiments
------------------

Institute of Cancer Research (ICR) CD-1 mice (male; age, 4 weeks; weighing, 27-29 g) were purchased from Nara Biotech, Co., Ltd. Animal experiments proceeded with permission from the Kyunghee University Animal Committee \[ref. no. KHUASP(SE)-15-095\]. The mice were maintained under 12 h light/dark cycle at 22-24°C at a relative humidity of 55-55% with free access to food and water. The mice were allowed to acclimatize to the laboratory conditions at the animal breeding facility for 1 week. The animal model of osteoporosis was established by an intraperitoneal injection of LPS, as previously described ([@b18-ijmm-44-03-0913],[@b19-ijmm-44-03-0913]). The mice were divided into the following 3 groups (n=6/group): Group 1, mice treated with 100 *µ*l PBS via intraperitoneal injection and orally administered with distilled water daily; group 2, mice treated with LPS (5 mg/kg body weight) via intraperitoneal injection and orally administered with distilled water daily; and group 3, mice treated with LPS via intraperitoneal injection and orally administered with LS at a concentration of 100 mg/kg daily. PBS or LPS administration were carried out on days 1 and 4. The humane endpoint of this experiment was as follows: Dirty hair and eye discharge, self-injury and anxiety, vomiting and hemoptysis, inactivity, anxiety and headache). No abnormal signs that signified the humane endpoints of the experiment were observed from any of the mice during the experiment. All mice were sacrificed on day 9 and the right femurs were extracted and analyzed by micro-computed tomography (micro-CT; SkyScan1176; SkyScan; Bruker Corp.). Bone volume/total volume (BV/TV), trabecular pattern factor (Tb.pf) and structure model index (SMI) calculations were performed using NRecon software (SkyScan version 1.6.10.1; SkyScan; Bruker Corp.).

Statistical analysis
--------------------

The experiments were repeated at least 3 times. The results are presented as the means ± standard error of the mean. Statistical comparisons were performed one-way ANOVA tests, followed by Dunnett\'s post hoc analysis. A value of P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Quantitative analysis of the LS extract
---------------------------------------

Rutin is a bioactive marker compound used for the validation of LS. The chromatogram of the ethanol extract from LS demonstrated that a number of peaks were detected at a retention time of 0 and 30 min, and rutin was identified at the same retention time as the standards ([Fig. 1](#f1-ijmm-44-03-0913){ref-type="fig"}).

LS treatment significantly increases osteoblast differentiation and promotes calcified nodule formation
-------------------------------------------------------------------------------------------------------

LS at a concentration of 400 and 800 *µ*g/ml was toxic to the MC3T3-E1 cells for 3, 7 and 14 days ([Fig. 2A](#f2-ijmm-44-03-0913){ref-type="fig"}). Subsequently, to investigate the effects of LS on osteoblast differentiation, the MC3T3-E1 cells were treated with LS, ascorbic acid and β-glycerophosphate. Following 14 days of culture, Von Kossa and Alizarin Red S staining confirmed that calcified nodules were formed at an earlier stage in the LS treatment group when compared with the differentiated medium-treated group ([Fig. 2B and C](#f2-ijmm-44-03-0913){ref-type="fig"}). At 17 and 21 days, LS enhanced osteoblast differentiation, as indicated by the increase in mineralized nodule formation. In addition, the absorbance of the extracted Alizarin Red S dye was increased by LS treatment ([Fig. 2D](#f2-ijmm-44-03-0913){ref-type="fig"}). No significant difference was observed in osteoblast differentiation with LS at 50 to 200 *µ*g/ml. Thus, the highest concentration was determined to be 50 *µ*g/ml (data not shown). To determine the mechanisms of action of LS as regards osteoblast differentiation, the expression levels of transcription factors and osteogenic genes were analyzed in LS-treated osteoblasts. BMP-2 and RUNX2 are major transcription factors involved in osteoblast differentiation, and LS was observed to increase the expression levels of these genes ([Fig. 2E and F](#f2-ijmm-44-03-0913){ref-type="fig"}). In addition, LS promoted the expression of osteogenic genes, including RUNX2, ALP (*Alpl*), OPN (*Sparc*), OSN (*Spp1*) and COL1 (*Col1a1*). BSP (*Ibsp*) expression increased with LS treatment, although the difference was not statistically significant ([Fig. 2G and H](#f2-ijmm-44-03-0913){ref-type="fig"}).

LS inhibits osteoclast differentiation at non-cytotoxic concentrations
----------------------------------------------------------------------

Before confirming the osteoclast experiments, the toxicity of LS in the RAW 264.7 cells was confirmed. A high concentration (800 *µ*g/ml) of LS reduced cell viability to below 50% and the concentrations of LS used in the osteoclast experiments did not affect the level of cytotoxicity ([Fig. 3A and B](#f3-ijmm-44-03-0913){ref-type="fig"}). Thus, the possibility that the inhibition of osteoclast formation was due to cytotoxicity was excluded. To confirm the inhibitory effects of LS on osteoclastogenesis, TRAP staining and pit formation assays were performed. As demonstrated in [Fig. 3C](#f3-ijmm-44-03-0913){ref-type="fig"}, the number of TRAP-positive osteoclasts was increased following stimulation of the cells with RANKL, and LS decreased the number and size of osteoclasts in a dose-dependent manner ([Fig. 3D](#f3-ijmm-44-03-0913){ref-type="fig"}). In addition, LS inhibited TRAP activity in the differentiation medium ([Fig. 3E](#f3-ijmm-44-03-0913){ref-type="fig"}). No significant difference was observed in the inhibitory effects on osteoclastogenesis with LS at 100 to 400 *µ*g/ml. Thus, the highest concentration was determined to be 100 *µ*g/ml.

LS inhibits bone resorptive activity
------------------------------------

To evaluate the inhibitory effects of LS on resorptive activity, differentiated osteoclasts formed resorption pits through calcium absorption ([Fig. 4A](#f4-ijmm-44-03-0913){ref-type="fig"}), and the area of the resorption pit was reduced by LS treatment ([Fig. 4B](#f4-ijmm-44-03-0913){ref-type="fig"}). RANKL stimulation increased the formation of the well-polarized F-actin ring ([Fig. 4C](#f4-ijmm-44-03-0913){ref-type="fig"}). However, LS was observed to decrease both the size and number of F-actin ring structures ([Fig. 4D](#f4-ijmm-44-03-0913){ref-type="fig"}).

LS inhibits the activation of NF-κB and the phosphorylation of MAPKs
--------------------------------------------------------------------

When osteoclast differentiation is induced by RANKL, the NF-κB and MAPKs signaling pathways are essential. RANKL stimulation increases the protein levels of NF-κB and p-NF-κB. In this study, LS was observed to decrease the translocation of NF-κB to the nucleus and inhibit the phosphorylation of NF-κB ([Fig. 5A and B](#f5-ijmm-44-03-0913){ref-type="fig"}). In addition, LS treatment significantly inhibited the RANKL-induced phosphorylation of ERK1/2, JNK and p38 in a concentration-dependent manner ([Fig. 5C and D](#f5-ijmm-44-03-0913){ref-type="fig"}).

LS inhibits the expression of essential transcription factors involved in osteoclastogenesis
--------------------------------------------------------------------------------------------

To determine the mechanisms underlying LS-mediated osteoclast inhibition, the expression of NFATc1 and c-Fos was measured by western blot analysis and reverse transcription-semi-quantitative PCR. As demonstrated in [Fig. 6](#f6-ijmm-44-03-0913){ref-type="fig"}, RANKL stimulation increased the protein and mRNA levels of *Nfatc1* and *FOS*, whereas LS suppressed the expression of these factors. In addition, LS did not affect the expression of housekeeping genes, such as actin and GAPDH.

LS inhibits the expression of bone resorption markers and osteoclastogenesis-associated markers
-----------------------------------------------------------------------------------------------

To examine whether LS inhibits bone resorption-related enzymes, the effects of LS on the expression of MMP-9 and Ctsk were examined by western blot analysis and reverse transcription-semi-quantitative PCR. As demonstrated in [Fig. 7A-D](#f7-ijmm-44-03-0913){ref-type="fig"}, RANKL stimulation induced the protein and mRNA expression levels of *Mmp-9* and *Ctsk*, whereas LS markedly suppressed the expression of these bone resorption-related enzymes. In addition, the effects of LS on markers involved in osteoclast differentiation were analyzed. As demonstrated in [Fig. 7E and F](#f7-ijmm-44-03-0913){ref-type="fig"}, the expression of RANK (*Tnfrsf11a)*, TRAP (*Acp5*), OSCAR, c-src, c-myc, PU-1 (*Spi1*), OC-STAMP and ATP6v0d2 was increased by RANKL treatment, whereas LS significantly inhibited the expression of these genes.

Administration of LS inhibits LPS-induced inflammatory bone loss
----------------------------------------------------------------

The results presented thus far indicated that LS activated osteoblast differentiation and inhibited osteoclast differentiation. To confirm these *in vitro* results, the potential inhibitory effects of LS on bone loss *in vivo* were investigated. The concentration of LS administered in this study was determined as follows: In oriental medicine, based on a typical adult weight of 60 kg, a single dose of LS is 8 g and corresponding to 0.6184 g (yield, 7.73%) of LS extract. Therefore, 10.3 mg of LS should be administered per 1 kg. In previous studies, mice are known to have a 7-fold higher metabolism than humans ([@b20-ijmm-44-03-0913]), and an LS dose of approximately 72 mg/kg is appropriate. In this study, LS was administered at a slightly higher concentration than that administered to humans. To achieve this, a mouse model of endotoxin-induced bone destruction was first generated ([@b21-ijmm-44-03-0913],[@b22-ijmm-44-03-0913]). The following day after LPS administration, the weight of the mice was reduced, but this was recovered. In addition, no marked changes in body weight due to LS were observed ([Fig. S1](#SD1-ijmm-44-03-0913){ref-type="supplementary-material"}). As demonstrated in [Fig. 8A](#f8-ijmm-44-03-0913){ref-type="fig"}, micro-CT images of the femur indicated a decrease in trabecular bone; however, the administration of LS significantly inhibited LPS-induced bone loss. Based on the radiographic results, the effect of LS on bone microstructure was also analyzed. This revealed that LPS administration reduced bone mineral density (BMD) and BV/TV, whereas the administration of LS significantly inhibited the LPS-induced reduction in BMD and BV/TV. In addition, the LPS-induced increase in Tb.pf was suppressed by LPS treatment. Similarly, SMI increased with LPS administration, which was suppressed by treatment with LS; however, the difference was not statistically significant ([Fig. 8B-E](#f8-ijmm-44-03-0913){ref-type="fig"}).

Based on the results of this study, LS promoted osteogenic gene expression by upregulating RUNX2 in MC3T3-E1 cells. In addition, LS inhibited the bone resorption gene by inhibiting the expression of NFATc1/c-Fos in RANKL-induced RAW 264.7 cells. As a result, it exerted an anti-osteoporotic effect in mice with LPS-induced bone less ([Fig. 9](#f9-ijmm-44-03-0913){ref-type="fig"}).

Discussion
==========

Bone metabolic disease is characterized by the abnormal activity of osteoclasts. To solve this problem, researchers have investigated natural products that activate osteoblasts or exert inhibitory effects on osteoclastogenesis ([@b23-ijmm-44-03-0913]). Although the ethanol extract of LS on osteoporosis has not been studied to date, the study by Yang *et al* demonstrated that leonurine hydrochloride, which is component of LS, promoted osteogenic differentiation ([@b24-ijmm-44-03-0913]). However, their study did not proceed onto investigating osteoclastogenesis. In osteoblast differentiation, RUNX2 induction through the Wnt/b-catenin mechanism is the main focus of research. On the contrary, this study investigated the effects of LS on osteoblasts and osteoclasts, and the promotion of osteoblast differentiation was the result of the upregulation of BMP-2 and RUNX2. To the best of our knowledge, this study is also the first LS study of bone destruction due to chronic inflammation. Two cell models were used to determine the effects of LS on osteoblasts and osteoclasts. MC3T3-E1 cells are derived from the bone/calvaria of C57BL/6 mice and are a well-known osteoblast-like cell line. These cells are useful to the research of the molecular mechanisms of osteoblasts and provide a model for studying bone cell differentiation and proliferation ([@b25-ijmm-44-03-0913]). The RAW 264.7 murine cell line is suitable for establishing a RANKL-induced osteoclast experimental model ([@b26-ijmm-44-03-0913]).

Mineralization nodules are one of the biomarkers that determine osteoblast maturation, and can be detected by Von Kossa and Alizarin S Red staining ([@b27-ijmm-44-03-0913],[@b28-ijmm-44-03-0913]). In the current study, the formation of calcified nodules following induction by ascorbic acid and β-glycerophosphate was increased by LS treatment. BMP-2 is a transcription factor that regulates typical osteoblast differentiation and bone formation ([@b29-ijmm-44-03-0913]). Once activated, it translocates into the nucleus to induce the expression of bone matrix proteins, such as RUNX2, ALP, BSP and COL1 ([@b6-ijmm-44-03-0913]). Among these, RUNX2 is essential for osteoblast differentiation, and is detected in pre-osteoblasts, where its expression increases as the cell develops into an immature osteoblast ([@b7-ijmm-44-03-0913]). Some studies have demonstrated that natural extracts can upregulate BMP-2/RUNX2 and promote osteoblast differentiation ([@b30-ijmm-44-03-0913],[@b31-ijmm-44-03-0913]). ALP and BSP is involved in early-stage molecular events during osteoblast differentiation and is known to upregulate the initial mineralization stage ([@b32-ijmm-44-03-0913],[@b33-ijmm-44-03-0913]). OPN is known as a non-collagenous major bone matrix protein, and it is expressed when osteoblasts and osteocytes form bone, and plays an important role in bone regeneration. In particular, OPN enables osteoclasts to attach to the bone ([@b34-ijmm-44-03-0913]). Recently, the overexpression of OPN was observed to inhibit the expression of BMP-2-induced ALP and BSP, ultimately inhibiting osteoblast differentiation and mineralization ([@b35-ijmm-44-03-0913]). OSN is a glycoprotein that attaches to calcium in bone. This occurs when osteoblasts produce bone and initiate mineralization ([@b36-ijmm-44-03-0913]). In OSN-null mice, the number of osteoblasts and the rate of bone formation are decreased ([@b37-ijmm-44-03-0913]). COL1 expression is typically upregulated in the osteoblast differentiation and mineralization stages ([@b38-ijmm-44-03-0913]). The results of the current study demonstrated that LS upregulated the expression of BMP-2 and RUNX2, and markedly increased the expression of ALP, BSP, COL1, OPN and OSN. These results indicate that the effect of LS on promoting osteoblasts and the formation of mineralization nodules may be mediated via the activation of BMP-2, RUNX2 and osteogenic genes.

TRAP is known as an osteoclast phenotype marker and TRAP staining is the standard method used to detect osteoclast differentiation ([@b39-ijmm-44-03-0913]). In addition, TRAP expression is associated with differentiated osteoclast migration and also effects osteoclast differentiation and maturation. Mice lacking the TRAP gene are known to develop osteoporosis and display irregular bone microstructures ([@b40-ijmm-44-03-0913]). In the present study, LS inhibited RANKL-induced osteoclast differentiation and activity. The pit formation assay is used to measure the bone resorption ability of osteoclasts and an F-actin ring is the most visible feature of mature osteoclasts ([@b41-ijmm-44-03-0913]). The results of the current study also demonstrated that LS significantly inhibited pit formation in RANKL-induced osteoclasts. Taken together, these results suggest that LS inhibits osteoclast differentiation and impairs the function of mature osteoclasts.

NF-κB translocates to the nucleus via the binding of RANK-RANKL and is known to play a key role in the early stages of osteoclast development. Rats lacking NF-κB1 and NF-κB2 are unable to differentiate into osteoclasts, which leads to osteopetrosis in rats ([@b42-ijmm-44-03-0913]). In addition to the NF-κB signaling pathway, the MAPK signaling pathway is also known to play an important role in osteoclast differentiation. ERK is associated with osteoclast survival ([@b43-ijmm-44-03-0913]), and JNK-deficient rats are unable to differentiate into osteoclasts ([@b44-ijmm-44-03-0913]). Furthermore, p38 affects early osteoclastogenesis and plays an important role in the expression of Ctsk ([@b45-ijmm-44-03-0913],[@b46-ijmm-44-03-0913]). The present study confirmed that LS inhibited NF-κB expression and its phosphorylation in the nucleus. In addition, LPS suppressed the MAPK signaling pathway by inhibiting the phosphorylation of ERK, JNK and p38.

c-Fos is an established group of essential transcription factors involved in osteoclast differentiation ([@b47-ijmm-44-03-0913]). c-Fos, which is induced by binding of RANKL-RANKL, directly activates the expression of NFATc1. Mice deficient in c-fos exhibit defective osteoclast differentiation, which leads to osteopetrosis. NFATc1 is the master transcription factor involved in osteoclast differentiation; NFATc1-deficient embryonic stem cells are unable to differentiate into osteoclasts via RANKL ([@b9-ijmm-44-03-0913]). In addition, the ectopic expression of NFATc1 successfully promotes osteoclast differentiation even in the absence of RANKL ([@b48-ijmm-44-03-0913]). In the present study, LS inhibited the protein and gene expression levels of NFATc1 and c-Fos. This suggests that the inhibitory effect of LS on osteoclast differentiation may be due to the suppression of the essential transcription factors, NFATc1 and c-Fos.

As LS strongly inhibited NFATc1, it can thus be hypothesized that LS may also suppress the expression of NFATc1-regulated osteoclast-associated genes, including TRAP, MMP-9, Ctsk, ATP6v0d2 and OSCAR ([@b9-ijmm-44-03-0913]). MMP-9 and Ctsk are enzymes that are released when osteoclasts undergo bone resorption. MMP-9 is expressed in the early differentiation phase of osteoclasts and when mature osteoclasts absorb bone ([@b49-ijmm-44-03-0913]). In addition, Ctsk is essential for bone resorption, and osteoclasts extracted from Ctsk-deficient mice are unable to absorb bone ([@b50-ijmm-44-03-0913]). In the present study, LS was demonstrated to suppress osteoclast function by significantly inhibiting bone resorption-related enzymes. c-src is essential for ruffled border formation ([@b51-ijmm-44-03-0913]), c-myc is expressed early in osteoclast differentiation and induces other effector genes ([@b52-ijmm-44-03-0913]). PU-1 is induced by RANKL stimulation and up-regulates p38 and NFATc1 ([@b53-ijmm-44-03-0913]). In this study, LS inhibited the gene expression levels of c-src, c-myc and PU-1. OSCAR is specifically expressed in early stage osteoclasts or in mature osteoclasts, and induces calcium activation to assist in the expression of RANKL-mediated NFATc1 ([@b54-ijmm-44-03-0913]). Similar to these results, the majority of osteoclast inhibition studies have reported that osteoclast-related genes are decreased by reduction of c-Fos and NFATc1 ([@b55-ijmm-44-03-0913],[@b56-ijmm-44-03-0913]). OC-STAMP and ATP6v0d2 are expressed when the osteoclast precursor cells are fused, and when it is deficient, differentiation into osteoclasts is not completed. Moreover, these genes are essential for formation of F-actin ring ([@b57-ijmm-44-03-0913],[@b58-ijmm-44-03-0913]). In the current study, LS suppressed the expression of ATP6v0d2 and OSCAR. These results suggest that LS inhibits MMP-9, Ctsk, OSCAR, c-src, c-myc, PU-1, OC-STAMP and ATP6v0d2 which serve important roles in osteoclast differentiation and activation via inhibition of NFATc1 ([Fig. 9](#f9-ijmm-44-03-0913){ref-type="fig"}).

LPS-induced mouse models are commonly used to verify bone loss and bone destruction in chronic inflammatory conditions ([@b59-ijmm-44-03-0913]). However, the mechanisms underlying the activation of osteoclasts by LPS *in vivo* are unclear. LPS-induced inflammatory cytokines, such as tumor necrosis factor-α, interleukin (IL)-1β and IL-6 are known to influence osteoclast differentiation ([@b22-ijmm-44-03-0913]). As demonstrated by the radiographic results in the current study, LS treatment significantly inhibited bone loss induced by LPS. This suggests that LS suppresses bone loss induced by LPS, and that this inhibitory effect may be due to the LS-mediated inhibition of osteoclast differentiation and osteoblast induction.

In conclusion, the effects of LS treatment on bone metabolism in the current study revealed a number of important results: i) LS was not cytotoxic to the MC3T3-E1 and RAW 264.7 cells; ii) LS enhanced osteoblast cells, leading to increased mineralization nodules; iii) LS induced the expression of osteogenic genes and RUNX2 and BMP-2 in osteoblast precursor cells; iv) LS inhibited osteoclast differentiation and function; v) LS suppressed the expression of NFATc1 and c-Fos; vi) LS suppressed the expression of MMP-9, CTK, OSCAR, c-src, c-myc, PU-1, OC-STAMP and ATP6v0d2; vii) LS regulated bone loss in inflammatory osteoporosis induced by LPS. Based on these results, LS may present a potential alternative for the treatment of bone metabolic diseases.

However, this study had the following limitations. i) The estrogenic activity of phenol-red in medium used for *in vitro* experiments was not considered ([@b60-ijmm-44-03-0913]). ii) It is also known that LS has estrogenic activity. Since estrogenic activity can promote osteoblast differentiation or inhibit osteoclast differentiation ([@b61-ijmm-44-03-0913]), in the future, cell experiments using phenol red-free medium and measurement of estrogen hormone changes in animal model should be studied. iii) The safety and side-effects of LS have not yet been elucidated ([@b62-ijmm-44-03-0913],[@b63-ijmm-44-03-0913]). In this experiment, LS did not affect the body weight and liver weight of the animals; however, further studies on high-dose and long-term administration are warranted. iv) Quantitative PCR was not used for mRNA analysis. Therefore, the amount of expression of the gene was not known, and the increase/decrease relative to control was found. v) Considering that LS is traditionally used in female-related diseases, it would be valuable to examine the effects of LS in post-menopausal osteoporosis models in the future.
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![High-performance liquid chromatography chromatograms of (A) rutin and (B) *Leonurus sibiricus L.* Standard peaks for rutin were detected at 254 nm.](IJMM-44-03-0913-g00){#f1-ijmm-44-03-0913}

![Effect of LS on osteoblast differentiation. (A) Cytotoxicity of LS used in osteoblast promotion assays was confirmed using an MTS assay for 3, 7 and 14 days. Calcified nodules produced by osteoblasts were stained with (B) Von Kossa and (C) Alizarin Red S (×100 magnification; scale bar, 200 *µ*m). (D) Alizarin Red S stain was extracted from the cells and quantified by measuring the absorbance at 570 nm. The effect of LS on the expression of transcription factors involved in osteoblast differentiation was also determined. (E) Protein expression of RUNX2 and BMP-2 were examined by western blot analysis. (F) The protein expression levels of each marker were normalized to actin. (G) mRNA levels of RUNX2, ALP (*alpl*), OPN (*Spp1*), OSN (*Sparc*), COL1 (*Col1a1*) and BSP (*Ibsp*) were analyzed using reverse transcription semi-quantitative PCR. (H) The mRNA expression levels of each factor was normalized to GAPDH. The results are presented as the means ± standard error of the mean (n=3). ^\#\#^P\<0.01 vs. growth cells; ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. differentiated cells. LS, *Leonurus sibiricus* L.; RUNX2, runt-related transcription factor 2; BMP-2, bone morphogenetic protein 2; ALP, alkaline phosphatase; OPN, osteopontin; OSN, osteonectin; COL1, type I collagen; BSP, bone sialoprotein.](IJMM-44-03-0913-g01){#f2-ijmm-44-03-0913}

![Effect of LS on osteoclast differentiation. Cytotoxicity of LS used in osteoclast inhibition assays was confirmed by MTS. (A) Cells were treated with LS alone for 24 h or (B) LS in the presence of RANKL for 5 days. (C) RANKL-induced osteoclasts were fixed and stained using a TRAP staining kit (100× magnification, Scale bar: 200 *µ*m). (D) TRAP-positive giant cells with ≥3 nuclei were considered as osteoclasts. (E) TRAP activity in the culture medium was measured at an absorbance of 405 nm. The results are presented as the means ± standard error of the mean (n=3). ^\#\#^P\<0.01 vs. normal; ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. RANKL-induced control. LS, *Leonurus sibiricus* L.; TRAP, tartrate-resistant acid phosphatase; RANKL, receptor activator of nuclear factor κ-B ligand.](IJMM-44-03-0913-g02){#f3-ijmm-44-03-0913}

![Effect of LS on pit formation and F-actin ring. (A) Inhibition of osteoclastic bone resorption by LS was assessed in osteo-coated plates (×100 magnification; scale bar, 200 *µ*m). (B) The area of resorptive pits was measured using ImageJ software. (C) RANKL-induced F-actin were stained using a fluorescent phalloidin (×100 magnification; scale bar, 200 *µ*m). (D) The number of F-actin rings was measured using ImageJ software. The results are presented as the means ± standard error of the mean (n=3). ^\#\#^P\<0.01 vs. normal; ^\*\*^P\<0.01 vs. RANKL-induced control. LS, *Leonurus sibiricus* L.; F-actin, filamentous actin; RANKL, receptor activator of nuclear factor κ-B ligand.](IJMM-44-03-0913-g03){#f4-ijmm-44-03-0913}

![Effect of LS on the expression of NF-κB and MAPK signaling pathways. (A) Protein expression of NF-κB and p-NF-κB were measured by western blot analysis. (B) NF-κB and p-NF-κB expression was normalized to lamin B. (C) Protein expression of MAPKs were measured by western blot. (D) The expression of p-ERK1/2, p-JNK and p-p38 were normalized to total ERK1/2, JNK and p38, respectively. The results are presented as the means ± standard error of the mean (n=3). ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. normal; ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. RANKL-induced control. LS, *Leonurus sibiricus* L.; NF-κB, nuclear factor-κB; MAPKs, mitogen-activated protein kinases; p-, phosphorylated; ERK1/2, extracellular signal-regulated kinase 1/2; JNK, c-Jun N-terminal kinase; RANKL, receptor activator of nuclear factor κ-B ligand.](IJMM-44-03-0913-g04){#f5-ijmm-44-03-0913}

![Effect of LS on the expression of essential transcription factors involved in osteoclastogenesis. (A) Expression of NFATc1 was measured by western blot and RT-PCR. (B) Protein and mRNA expression of NFATc1 was normalized to actin and GAPDH, respectively. (C) Expression of c-Fos was detected by western blot analysis and reverse transcription semi-quantitative PCR. (D) Protein and mRNA levels of c-Fos was normalized to actin and GAPDH, respectively. The results are presented as the means ± standard error of the mean (n=3). ^\#\#^P\<0.01 vs. normal; ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. RANKL-induced control. LS, *Leonurus sibiricus* L.; NFATc1, nuclear factor of activated T-cells 1; RANKL, receptor activator of nuclear factor κ-B ligand.](IJMM-44-03-0913-g05){#f6-ijmm-44-03-0913}

![Effect of LS on the expression of osteoclastic bone resorption enzymes. (A) Expression of MMP-9 was measured by western blot analysis and RT-PCR analysis. (B) Protein and mRNA expression levels of MMP-9 were normalized to actin and GAPDH, respectively. (C) Expression of Ctsk was detected by western blot and reverse transcription semi-quantitative PCR. (D) Protein and mRNA expression of Ctsk was normalized to actin and GAPDH, respectively. (E) mRNA levels of RANK (*Tnfrsf11a)*, TRAP (*Acp5*), OSCAR, c-src (Src), c-myc (Myc), PU-1 (*Spi1*), OC-STAMP and ATP6v0d2 were analyzed by reverse transcription semi-quantitative PCR on day 4. (F) The mRNA expression levels of each factor were normalized to GAPDH. The results are presented as the means ± standard error of the mean (n=3). ^\#\#^P\<0.01 vs. normal; ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. RANKL-induced control. LS, *Leonurus sibiricus* L.; MMP-9, matrix metallopeptidase-9; Ctsk, cathepsin K; RANK, receptor activator of nuclear factor κ; TRAP, tartrate-resistant acid phosphatase; OSCAR, osteoclast-associated immunoglobulin-like receptor; OC-STAMP, osteoclast stimulatory transmembrane protein; ATP6v0d2, ATPase H+ transporting V0 subunit d2; RANKL, receptor activator of nuclear factor κ-B ligand.](IJMM-44-03-0913-g06){#f7-ijmm-44-03-0913}

![Effect of LS on LPS-induced bone destruction. Six-week-old Institute of Cancer Research mice were injected with LPS intraperitoneally at 1 and 4 days. LS was administered orally each day for a total of 9 days. (A) The longitudinal and transverse of femur was scanned using micro-CT. Graphical representation of (B) BMD, (C) BV/TV, (D) Tb. pf and (E) SMI. The results are presented as the mean ± standard error of the mean (n=6 mice). ^\#\#^P\<0.01 vs. sham; ^\*^P\<0.05 vs. RANKL-induced control. LS, *Leonurus sibiricus* L.; LPS, lipopolysaccharide; micro-CT, micro-computed tomography; BMD, bone mineral density; BV/TV, bone volume/total volume; Tb. pf, trabecular pattern factor; SMI, structure index model.](IJMM-44-03-0913-g07){#f8-ijmm-44-03-0913}

![Mechanisms of osteoblasts and osteoclasts in LS. LS, *Leonurus sibiricus* L. BMP-2, bone morphogenetic protein 2; RUNX2, Runt-related transcription factor 2; OSCAR, osteoclast-associated immunoglobulin-like receptor; NFATc1, nuclear factor of activated T-cells 1; TRAP, tartrate-resistant acid phosphatase; RANKL, receptor activator of nuclear factor-κB ligand; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-κB; MMP-9, matrix metallopeptidase-9; ATP6v0d2, ATPase H+ transporting V0 subunit d2.](IJMM-44-03-0913-g08){#f9-ijmm-44-03-0913}

###### 

Primer sequences used for reverse transcription semi-quantitative PCR.

  Gene name                      Sequence                         Accession no.    Base pair   Annealing temperature   Cycle
  ------------------------------ -------------------------------- ---------------- ----------- ----------------------- -------
  *Runx2*                        F: CGGCCCTCCCTGAACTCT            NM_001145920.2   75          60°C                    38
  R: TGCCTGCCTGGGATCTGTA                                                                                               
  *Alpl (ALP)*                   F: CGGGACTGGTACTCGGATAA          NM_001287172.1   208         55°C                    42
  R: TGAGATCCAGGCCATCTAGC                                                                                              
  *Sparc (OSN)*                  F: AAACATGGCAAGGTGTGTGA          NM_001290817.1   217         54°C                    35
  R: TGCATGGTCCGATGTAGTC                                                                                               
  *Spp1 (OPN)*                   F: TCTGATGAGACCGTCACTGC          NM_001290377.1   170         53°C                    38
  R: AGGTCCTCATCTGTGGCATC                                                                                              
  *Col1a1 (COL1)*                F: GCTCCTCTTAGGGGCCACT           NM_007742.4      103         60°C                    38
  R: CCACGTCTCACCATTGGGG                                                                                               
  *Ibsp (BSP)*                   F: AAAGTGAAGGAAAGCGACGA          NM_008318.3      215         53°C                    40
  R: GTTCCTTCTGCACCTGCTTC                                                                                              
  *Nfatc1*                       F: TGCTCCTCCTCCTGCTGCTC          NM_198429.2      480         58°C                    32
  R: CGTCTTCCACCTCCACGTCG                                                                                              
  *Fos (c-Fos)*                  F: ATGGGCTCTCCTGTCAACAC          NM_010234.3      480         58°C                    33
  R: GGCTGCCAAAATAAACTCCA                                                                                              
  *Mmp-9*                        F: CGACTTTTGTGGTCTTCCCC          NM_013599.4      258         58°C                    30
  R: TGAAGGTTTGGAATCGACCC                                                                                              
  *Ctsk*                         F: AGGCGGCTATATGACCACTG          NM_007802.4      403         58°C                    26
  R: CCGAGCCAAGAGAGCATATC                                                                                              
  *Tnfrsf11a (RANK)*             F: AAACCTTGGACCAACTGCAC          NM_009399.3      377         53°C                    35
  R: ACCATCTTCTCCTCCCHAGT                                                                                              
  *Acp5 (TRAP)*                  F: ACTTCCCCAGCCCTTACTACCG        NM_007388.3      381         58°C                    30
  R: TCAGCACATAGCCCACACCG                                                                                              
  *Oscar*                        F: CTGCTGGTAACGGATCAGCTCCCCAGA   NM_001290377.1   310         53°C                    35
  R: CCAAGGAGCCAGAACCTTCGAAACT                                                                                         
  *Src (c-src)*                  F: TCCAGGCTGAGGAGTGGTACTTTGG     NM_001025395.2   306         64°C                    40
  R: ATACGGTAGTGAGGCGGTGACACAG                                                                                         
  *Myc (c-myc)*                  F: CACCAGCAGCGACTCTGAAGAAGAG     NM_001177352.1   505         64°C                    40
  R: AGAGGTGAGCTTGTGCTCGTCTGC                                                                                          
  *Spi1 (PU-1)*                  F: CTTCCCTTATCAAACCTTGTC         NM_011355.2      398         55°C                    30
  R: AGGTGAGCTTCTTCTTGACTT                                                                                             
  *Ocstamp (OC-Stamp)*           F: AGCTGTAGCCTGGGCTCAGAAG        NM_029021.1      196         64°C                    45
  R: AGCCTGTGGTAGATGACAGTCGTG                                                                                          
  *Atp6v0d2*                     F: ATGGGGCCTTGCAAAAGAAATCTG      NM_175406.3      504         58°C                    30
  R: CGACAGCGTCAAACAAAGGCTTGTA                                                                                         
  *Gapdh*                        F: ACTTTGTCAAGCTCATTTCC          NM_008084.3      267         58°C                    30
  R: TGCAGCGAACTTTATTGATG                                                                                              

*Runx2*, runt-related transcription factor 2; *ALP*, Alkaline phosphatase; *OSN*, osteonectin; *OPN,* osteopontin; *COL1*, type I collagen; *BSP*, bone sialoprotein; *Nfatc1*, nuclear factor of activated T-cells cytoplasmic 1; *Mmp-9*, matrix metallopeptidase-9; *Ctsk*, cathepsin K; *RANK*, receptor activator of the nuclear factor kappa B; *TRAP*, tartrate-resistant acid phosphatase; *Oscar*, *osteoclast-associated immunoglobulin-like receptor*; *Ocstamp*, osteoclast stimulatory transmembrane protein; *Atpv06d2*, ATPase H+ transporting V0 subunit d2; *Gapdh*, glyceraldehyde 3-phosphate dehydrogenase.

[^1]: Contributed equally
